Periprosthetic osteolysis is a dominant factor in the success or failure of total hip prostheses. Polyethylene wear debris has been implicated in the process of bone resorption and subsequent implant loosening. The present study is the first to examine the effect of ultra high molecular weight polyethylene (UHMWPE) wear debris produced by a hip simulator on calvarial bone resorption in vitro. 45 Ca release was measured in cultured mouse calvarial bone samples. Although short-term exposure to UHMWPE particles (2 h) decreased 45 Ca release, longer-term exposure for 1-2 days increased release in a dose-dependent manner. After one-day exposure to 7.5 x 10 6 particles per mL, 18% more 45 Ca was released from cultured calvarial bone than from control samples. It was concluded that UHMWPE wear particles either directly or indirectly stimulated osteoclasts to activate bone resorption. Polyethylene wear debris contributes to the osteolytic process at the bone-implant interface.
I N T R O D U C T I O N
Osteolysis is a pathological process in which there is a progressive three-dimensional resorption of trabecular bone and endocortex immediately adjacent to a prosthesis. Consistent identification of particulate debris at sites of osteolysis has led investigators to consider the effects of wear debris on bone resorption. Metallic and polyethylene debris has been found in areas of osteolysis around loose prostheses and have become the focus of many investigations. 8, 12, 14, 16, 22, 25 In studies on retrieved tissues from knee and hip prostheses, Wroblewski 26 reported that high density polyethylene debris could result in bone resorption of massive proportions. Other investigators using a rat model have suggested that mechanical stimuli are of primary importance in the initial stage of implant loosening, but that polyethylene particle production may modulate the later stages of loosening. 1 A role of polymethylmethacrylate (PMMA) cement in prothesis loosening has also been proposed. distribution by producing the particles in an artificial hip simulator. The murine calvarial bone culture system is a useful model for studying bone resorption in vitro. 7, 17, 18 The effects of polyethylene particles generated in a hip simulator on bone resorption were, therefore, assessed by exposing mouse calvarial bone to particles in tissue culture in the absence of added inflammatory macrophage cells. It was found that bone resorption was significantly increased by polyethylene wear debris generated in a hip simulator; thus, supporting the hypothesis that wear particles play an active role in osteolytic changes in artificial hip prostheses.
MATERIAL AND METHODS

Hip Simulator
Ultra high molecular weight polyethylene (UHMWPE) bar stock, RCH1000 (DePuy -Du Pont Orthopaedics, Warsaw, IN), was machined to produce an acetabular cup with an inside diameter of 32 mm. The acetabular cup was washed with Milli-Q water (Milli RQ, Millipore Corporation, Bedford, MA), sterilised with ethylene oxide (ETO), and aerated for 7 to 10 days before use.
An artificial hip simulator was designed and constructed. A standard hip arthroplasty component consisting of a 32 mm diameter stainless steel head (provided by Synthes & Protek (NZ) Ltd, Auckland, NZ) was articulated with the polyethylene cup. The movement of the hip simulator was by flexion and extension, with a small component of rotation (5 degrees), such that the resultant motion of the ball against the cup was linear. This motion is slightly different from the cross-path motion experienced by a hip arthroplasty in vivo. Two weights on the simulator produced a static axial load of 490 Newtons (N), and the vertical movements of the metal blocks at 70 cycles/minute generated an impact load of approximately 650 Newtons. An electrical fan was used to cool the hip simulator to room temperature. The simulator was run continuously for 13 days (1.3 million cycles). This is approximately equivalent to a person walking for 16 months. The arthroplasty components of the hip simulator were enclosed in a non-toxic, ETO-sterilised silicon bellows containing 100 mL sterile Medium 199 (Gibco BRL, Grand Island, NY) supplemented with 10% fetal calf serum (FCS) (Gibco) and 136 mg/L penicillin plus 117 mg/L streptomycin (Supplemented Medium 199). The simulator particles were, therefore, generated in a sterile environment. After 1.3 million cycles, the culture medium from the hip simulator was collected and analysed for particle content, sterility, and pH. None of the samples collected showed any bacterial contamination, and the particles were used directly in the calvarial bone culture experiments.
Analysis and Preparation of UHMWPE Wear Particles
The morphological shapes and sizes of the wear particles collected from the hip simulator and UHMWPE sections (1 x 1 x 0.2 cm) cut from the polyethylene cup were studied by scanning electron microscopy (SEM 505, Philips -Eindhoven, Netherlands) using image ranging between 2.1 to 15 kV and computerised image analysis (Moran Scientific, EDS-a qualitative X-ray analysis (Goulburn, NSW). For SEM, a drop of unfiltered particle suspension was allowed to dry onto a glass coverslip, mounted on an SEM stub using double-sided adhesive tape, and goldcoated with a sputter-coater. The morphologies of particles 0.1 µm or larger from five different samples of RCH1000 UHMWPE were determined (Fig. 1) . Particle size distributions in unfiltered particle suspensions were assessed using a differential interference contrast microscope (Reichert Polyvar, Leica Optical, Austria). Particle size was estimated to the nearest 0.5 µm at a magnification of 1250 times.
After filtration through an 8 µm pore size polyethersulfone filter membrane (Minisart, Sartorius, Göttingen, FRG), the samples of wear particles in 10 mL of Supplemented Medium 199 collected from the hip simulator were sent to Massey University in Palmerston North, New Zealand for determination of particle concentrations in the medium. Concentrations were measured by a particle counter (Model B, Coulter Counter Inc, Hialeah, FL) using a 70 to 100 µm aperture, allowing particles ranging in size from 1.4 to 60 µm diameter to be counted. The stock concentration of RCH1000 particles in this size range was 3 x 10 7 /mL. Dilutions of 1/10 and 1/100 were made by addition of Supplemented Medium 199. Before particle suspensions were added to cell cultures, they were sonicated (50 Hz) in a ultrasonicator bath (Sonicar Investment Corporation, Copiague, NY) for 1 min to disperse the particles.
Area Health Board Animal Ethics Committee. Mice C57b1/6J (outbred) were bred and maintained by the Animal Facility, Wellington School of Medicine. In order to radiolabel the mineral component of calvarial bone, two day old mice from one litter (approximate litter size > 8) were subcutaneously injected with 5 µCi 45 Ca (Amersham Laboratories, Buckinghamshire, England). At 6-7 days of age, these mice were sacrificed by cervical dislocation, cooled to 4°C, and their skin sterilised with 70% alcohol. Their skulls were dissected free in Hank's Balanced Salt Solution (HBSS) (Gibco BRL, Grand Island, NY) under aseptic conditions. A 5 mm diameter disc was cut from each hemi-calvarium with a metal die. In some cases, the periosteum was stripped with fine dissecting forceps to facilitate UHMWPE particle access to the bone substrate. Each calvarial disc was separately cultured in a single well of a 96-well tissue culture plate (Falcon, Becton Dickinson, Bedford, MA). Calvarial discs were cultured in Supplemented Medium 199 at 37°C in an atmosphere of 5% CO 2 , 60% O 2 and 35% N 2 .
7 Two discs were taken from each mouse. One was used as a control and incubated in Supplemented Medium 199 only, and the other was incubated in test medium containing various concentrations of polyethylene wear particles. Final culture volumes were 200 µL/well.
Calvarial Bone Resorption Assay
Calvarial bone resorption was assessed as the percentage of total 45 Ca released into the culture medium after 2, 24 and 48 hours of incubation. The percent Ca released was calculated as the amount of 45 Ca present in the medium divided by the total Ca present in the bone (released 45 Ca plus residual 45 Ca remaining in the calvarial disc). The calvarial discs were decalcified for 24 hour at 37°C in 20 mM ethyleneglycol-bis-(amino-ethyl ether) N,N'-tetraacetic acid (EGTA). Radioactivity was determined in a liquid scintillation counter (Model LS3801, Beckman Instruments, Fullerton, California) using Optiphase 'HiSafe 2' scintillation cocktail (FSA Laboratory Supplies, Loughborough, Leics, England).
Statistical Analysis
For 45 Ca release experiments, results are expressed as the fraction of control. Each test well was set up with a matching control well adjacent to the test well on a 96-well plate. Three to four different experimental preparations were used, giving total sample sizes of 12-15 sets of paired wells. Data were analysed by the Students t-test for paired observations.
RESULTS
Wear Particle Morphology and Size Distribution UHMWPE wear particle shapes were variable. Most particles were spherical (Fig. 1A) , but occasional larger flakes were present (Fig. 1B) . Very few fibrous particles were seen in SEM. The size distribution of particles immediately after collection from the hip simulator was determined by differential interference microscopy (Fig. 2) . The lower limit of resolution of this technique was approximately 0.5 µm. Greater than 95% of the particles counted were 5 µm or less in diameter (n=139). The numbers presented in Fig. 2 represent an underestimate of the actual number of particles in the suspensions, since particles less that 0.5 µm in diameter could not be determined.
Short-Term (2 h) Exposure to UHMWPE
Intact and periosteum-stripped calvarial discs were incubated with RCH1000 wear particles (1.4-8 µm diameter) at a concentration of 7.5 x 10 6 particles/mL in Supplemented Medium 199 for 2 h. Control discs were set up with fresh Supplemented Medium 199 only. RCH1000 wear particles decreased bone resorption by 10-20% in the first 2 hours of incubation (Fig. 3) . Stripping the periosteum from the calvarial discs significantly enhanced this reduction in bone resorption rate relative to the controls.
Long-term (1-2 d) Exposure to Different Concentrations of UHMWPE
Intact calvarial discs were incubated with RCH1000 wear particles at three different concentrations (7.5 x 10 6 /mL, 7.5 x 10 5 /mL, and 7.5 x 10 4 /mL) for 24 and 48 h. Particles at the highest concentration of increased the bone resorption rate by 18% at day 1 and 11% at day 2 compared with controls (Fig. 4) . A statistical comparison between the bone resorption rates after 24 h and 48 h showed that most bone resorption occurred in the first 24 h of incubation. Table 1 summarises the dose-dependent effects of RCH1000 wear particles on bone resorption over a 24 h incubation period. The rate of bone resorption in calvarial discs was proportional to the concentration of UHMWPE particles. Only the lowest dose, 7.5 x 10 4 particles/mL, had no effect on 45 Ca release from calvarial bone. Calvarial bone samples were exposed to different concentrations of RCH1000 wear particles for 24 h, and 45 Ca release was measured as the percentage of total radioactivity in the samples. Data are expressed as the mean plus the 95% confidence intervals. Sample size (n) equals 15-19 paired wells from 3-4 different calvarial bone preparations. P values were determined by the Students t-test for paired observations (14-18 df; n.s.= not significant). The amount of 45 Ca released after one day in culture was proportional to the number of particles present.
Figure 2
Wear particle size distribution of samples collected from a hip simulator. RCH1000 wear particle sizes were determined in unfiltered samples by differential interference microscopy. At a magnification of 1250x, the lower limit of resolution of the method was 0.5 µm diameter. Most of the particles were less than 5 µm in diameter, and the most common size range was between 0.5 and 1 µm.
Figure 3
Short-term effects of UHMWPE wear particles on calvarial bone resorption. Mouse calvarial bone samples cultured in 96-well plates were exposed for 2 h to RCH1000 polyethylene wear particles collected from a hip simulator (7.5 x 10 6 particles/mL based on Coulter counts of particles >1.4 µm in diameter). 45 Ca release (Fraction of Control) is expressed as the mean ± SEM (n=12 paired wells from 3 different preparations; * P<0.05 for test versus control (11 df; Students paired t-test). Data from periosteumstripped calvaria and intact calvaria are presented. UHMWPE particle exposure for 2 h decreased 45 Ca release in both periosteumstripped and intact calvaria compared with similar bone samples not exposed to particles. The reduction in bone resorption relative to controls was greater in the stripped calvaria than in the intact calvaria (P<0.05).
Figure 4
Long-term effects of UHMWPE wear particles on calvarial bone resorption. Intact mouse calvarial discs were exposed for 24 h and 48 h to RCH1000 polyethylene wear particles collected from a hip simulator (7.5 x 10 6 particles/mL based on Coulter counts of particles >1.4 µm in diameter).
45
Ca release is expressed as the ratio of test over control (n=15 paired wells from 3 different preparations). The mean ratio and 95% confidence limits are presented. P<0.05 at both time points (14 df; Students paired t-test). 45 Ca release from pre-loaded bone calvaria was increased following exposure to UHMWPE particles for periods of one and two days in culture.
DISCUSSION
The present study was the first to demonstrate the effect of polyethylene wear debris produced by a hip simulator on bone resorption in culture. An earlier study carried out by Murray and Rushton 18 used a much-simplified method to produce polyethylene wear particles by rotating a cylinder against grid silicone paper. In their study, latex particles (10 8 /mL) increased 45 Ca release by 50-77%, although no significant effect was seen at lower concentrations of latex. In our study the average increase in 45 Ca release after one day exposure was 18% at a concentration of UHMWPE particles of only 7.5 x 10 6 per mL (Table 1) . Other studies have used polyethylene particles obtained directly from prosthesis manufacturers; however, the particle sizes in these studies were much larger than those commonly found in failed prostheses in vivo and ranged between 20-200 µm in diameter. 9 The particle sizes used in the present study were reasonably consistent with those reported by others for particles generated in vivo 4, [13] [14] [15] (Fig. 2) . It has been generally accepted that osteoclasts are responsible for the process of normal and pathological bone resorption. 16, 21 Blair et al. 2 reported that in vitro osteoclasts degraded both the organic and inorganic components of bone by a process localised to the osteoclast and its attachment site and that this process appeared to be independent of secretion of enzymes, such as collagenase. Ohlin et al. 19 demonstrated that capsule-conditioned medium taken from newly formed periprosthetic tissue of patients with loose total hip arthroplasties caused significant increases in calcium release in a mouse calvarial model. Histological analyses of the bones at the end of the culture period showed that the capsule-conditioned medium enhanced the breakdown of mineralised bone and increased the number of osteoclasts. Kim et al. 11 used a rabbit synovial cell line stimulated by polyethylene and metal particles to treat unfractionated bone cells cultured on a dentine slice and found that only challenge with polyethylene particles caused significant bone resorption. In vivo studies by Goodman et al. 5, 6 showed that phagocytosable polyethylene particles decreased net bone formation and increased the number of osteoclasts along bone surfaces in a dose-dependent manner within bone-harvest chambers implanted in rabbit tibiae. Others have also implicated macrophage or fibroblast involvement in particle effects 12, 14, 22 Chemical mediators released from zymosan-treated macrophages 20 or from macrophages exposed to guttapercha particles 23 lead to 45 Ca release from cultured calvarial bone. Interestingly, Kaydoya et al. 10 have recently provided evidence in experiments using rabbit knee joints that direct macrophage attack on bone surfaces may be more important in bone resorption than activation of osteoclasts by chemical mediators, although the validity of their conclusions has yet to shown in other systems. The proportion of the total bone surface occupied by cells was determined from immunocytochemical staining to be 33% osteoblasts, 8% osteoclasts, and 19% macrophages. Exposure to polyethylene particles increased the number of macrophages to 26% of the total interface surface. 10 In our study, UHMWPE wear particles caused significant 45 Ca release in vitro in calvarial bone in the absence of added macrophages. RCH1000 UHMWPE wear particles at the highest concentration tested caused decreased bone resorption compared with controls during the first 2 h of incubation (Fig. 3) . This inhibition of normal bone resorption may represent a direct cytotoxic effect of UHMWPE on osteoblasts, osteoclasts, and macrophages, but does not rule out the possibility of cytotoxic effects from endotoxin accumulation. There was no evidence in our study, however, of bacterial contamination of fluids collected from the silicone bellows of the simulator. Removal of the periosteum from the calvaria caused a further decrease in 45 Ca release, possibly due in part to concomitant loss of osteoclasts resident in the periosteum. In contrast to short-term exposures, longer-term treatment with UHMWPE (Fig. 4) caused a significant dose-dependent increase in 45 Ca release (P<0.05). It was concluded that in mouse calvarial bone, UHMWPE wear particles either directly stimulate osteoclasts to mediate bone resorption or indirectly act via other inflammatory cells present in the culture. Kaydoya et al. 10 reported that greater than 10 10 polyethylene particles per mL were required to induce osteolysis in a rabbit knee joint. With mouse calvarial bone cultures, concentrations 3-4 orders of magnitude lower were sufficient to induce significant changes in 45 Ca release, even in the absence of added macrophages. It is possible that the mechanisms of osteolysis in these two animal models differ; however, it is also possible that particles generated in an artificial hip simulator are more potent in inducing osteolysis. It is likely that inflammatory reactions are involved in 45 Ca release since calvarial bone contains resident cells including macrophages, fibroblasts and osteoblasts that when activated are known to act on osteoclasts through release of inflammatory mediators.
C O N C L U S I O N
Hip simulator-generated UHMWPE particles of a size distribution similar to that collected from failed hip protheses stimulate calcium release from bone and possibly contribute to osteolysis at the bone-implant interface.
